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‘"NATIONAL ADVISORY COMMITTEE FOR AERQNWAUTICS

THE BEHAVIOR UN¥DER SEEARI¥G STRESS OF DURALUMIN STRIP
WITH ROUND, FLANGED HOLES*

By Karl Schiissler
SUNMMARY

This report presents the results of an investigation
to determine the behavior of duralumin strip with flanged
holes in the center when .subjected to shear stresses.

They buckle under a certain load just as a flat gheet.
There is one optimum hole spacing a5 (equation 4) and
one corresponding buckling load in shear Dy, (equation

7) for each sheet width, sheet thickness, and flange form.
Comparison with nonflanged sheets revealed a marked in-
crease of buckling load in shear due to the flanging and

2 slightly greater displacement. The stiffening effect of
flanging showed itself in a considerably higher puckling-
load for thin, wide strip than for the unweakened sheet.
Lastly, the displacement &, wunder a 1 kg/mm (55.99 1b./
in.) load (equation 8) was determined. It is considerably
higher for the flanged sheet than for the unweakened sheet,
and slightly higher than for the unflanged sheet. Sheets
may not be stressed beyond buckling load unless special
cross stiffeners are available to take up the load compo-
nent K perpendicular to the direction of shear. The
shear-displacement diagram (fig. 6) is substantially a ten-
sile stress-strain diagram above the buckling load. The
formulas developed for ag, pyp,» ard § are the results of

pure experimertation and may therefore become quite faulty
outside of the analyzed range.

*#*U¥ber das Verhalten von Leichtmetallblechstreifen mit
kreisrunden, randgebordelten Lochern Dei Schubbean—
spruchung." TLuftfahrtforschung, Avgust 18, 1934,
PP' 74"‘850
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JINTRODUCTION .

A veéry popular structural. member in light-metdl air-
plane and airship design is the flat, thin metal strip
with lightening holes, thé ‘edges of which are generally
fianged for reasons of st ffness.

The locads are, as a rule, not taken up by the indi-
vidual sheet since it forms, with other sheets, corrugat-
ed sheets, rods, or angles;*an.elastic structure: such as
of a spar, compound spar of two or more spars, float
frame, alrshlp 51rder, etc.

The - locatzdn of the -forceés relatlve to the elastic
axis.of the system-is ‘essential for. the type of stress, -
The .forces "lying on d:plane-with. this axis simply set up
tension, compression,..or bending in. the elastic structure,
wher¥eas all others effeci an.additive torsion. This
.strésses, .apart from spécific .cases, the individual sheets
in--shedry:. When the. forces are at .great distance from the
elastic-axis, the shear may become so great as to make the
other stresses hegligible; that-is,.make it a case of sim-
ple shearing stress.- :

L e . morATION

I "mm; .iole.Spaciné. o

_optlmum hole séaclng.
o width of sheeu.

cdt &1ameter of hole.

diameter’ of flinging.

b

d

D

B kg/mm? Young's modulus.
G kg/mm? modulus of shear.
L

mm length of sheet,
T kg/mm, féheéping‘étréséi:
Py % - - buckling load ‘in shear, R

(kg/mm® X 1422.35 = 1b./sq.in.) (mo X 0.083937 = in.)
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Pko kg{mm, Py, value of 2 .

Py ?k value for smooth sheet.

P kg, shearing force.

r mmnm, distance of last hole from edge.

s W ©  '4hickness of sheet.

v " displacement.,

Vi oo " displacement during buckling.

5 “%g,' 'di9placement for P = 1 kg (2.20462 1b.).
8y mm %g, relative displacement for ; = 1 kg/mm.
i, 107 mm.

FPREVIOUS SHEAR INVESTIGATIONS OY METAL STRIP

The behavior of infinitely long, flat strip ian shear
igs deternined by calculation and the calculation is checked
by experiment. The sheet remains flat at first and the
Gisplocenent v is proportional to the shear load p:

p D
V=6 s
where b = width, ¢ = gage of sheet, and G = ghear modu~-

lus of the structural material.,

Upon reaching a certain shear load uvaiform corruga-
tions or waves are Forred which at first run at about 45°
in the direction of shear, and v, rather than remaining

pgoportional to P, now increases; the sheet buckles (fig.
1l).

Bryan, Lilly, Tinoschenko, and Ritz (references 1 to
5) have developed approximations for computing the buck-
ling stress in shear and the spacing of the wrinkles A,
while Southwell and Sktan (reference 6) found the rigorous
nathematical solution. As with the compression menber, it
results in an infinite series of load values at . which the
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flat sheet stressed in shear is unstable; that is, buckles,
The lowest and therefore decisive valune is:

88.7 E

S
b = Z
a1 - (LY 1*02
. L NS

(2)

where B = Youngl!s modulus and m = Poisson'!s ratio of the
material. The corresponding wave length is:

N =1.60D (2a)

These mathematical results were checked against buck-
l1ing ,in shear experiments. With shear distributed uniforn-
iy along whole "sheet length I, the shedr force P and L

P

give = T or, if two identical sheets are stressed

concurrently, .
P
P = 57 ... (3a)

But with finite sheet length .p-.- must drop to zero
at the free ends; that is, it cannot be constant across
L. The last elements at the free ends caanot transmit
the shear forces to adjacent clements; i.e., they must be
shear free,

. According to Coker's experiments below the buckling
11m1t (reference 7), sheets which are very long in compar-
ison with their width manifest a shear load p, which is
practically comstant across the whole length and only drop
on a short piece at the edge. In approzimation we may as-

sume p = 0 on two end strips of leamgth b/4 and con-
stant on the intermediate piece of length L - 2 y
L - 0.5 b This gives p = ~*:—§.g—g, ‘or for two identi-

cal eheetsi
=3 h (3b)

The buckling tests in shear made by Bollenrath (refer~
ence 8) gave a buckling load in shear of about 43 percent
according to (3a), and of about 37 percent, according to
(3b) below the theoretical value computed according to. (2).

~Bven the wave 1ength varied: from. theg: theoreulcal value

A= 1.6 Db (2a), averaging 1,94 b - .+
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Mathar (reference 9) cxplained these discrepancies
as follows: The shear force is not evenly distributed
over the whole length of the clampiag strips, but intro-
duced only at one or two places. The elastic strips must
take up the shear forcecs and become elongated. The dis-
placement and through it the shear load p 1is, as a re-~
sult, higher at the points contiguous to the applied load
than farther away. On the other hand, buckling is contin-
gent vpon the maximum value of p, beccausec as soon as P
. cxceeds .Pxu (equation 2) at any place, buckling must oc-
cvr. Owing to favorable, i.e., relatively rigid fization,
Yathar obtained buckling figures which are only 5 percent
below 7py;, and a wave spacing of 1.6 b, that is, corre-

sponding to the theoretical figure (equation 2a).

Seydel (reference 10) analyzed flat, rectangular
plates with stiffeners parallel to the edges and adduced
an cxample of transversely riveted angle stiffeners.

Schmieden (reference 11) computed very thin, infinite-
ly long shecets with superposed, closely spaced small cross
stiffeners, to which longituvdinal stiffcncrs may be added.
The mathematical accuracy of his formulas is dependent up-
on all very small quantities becoming infiriitecly small.

Bergmann and Reissner (reference 12) approximated cor-
rugated sheets with corrugations parallel or perpendicular
to the direction of shear as flat plates with varyiang bend~
ing stiffness in the two mutually perpendicular directionse.

Jennissen (reference 13) experimented on corrugated
plates divided by brackets in separate panels. He devel-
oped an approximative method for their calculation and ob-
tained a close agrecment between ezxperiment and theory.
The problem of sheets wealened by holes has equally been
attacked.

Hirota (reference 14) calculated the stress attitude
prior to buckling ia an infinitely long metal strip with
a hole in the center whean stressed in shear.

Vathai (reference 9) determined experimentally the
buckling load of gtrip with round holes evenly spaced over
the center line. He found that holes of & = 70 spaced
a = 140 mm, reduced the buckling load in a duraluvmia sirip
(s = 0.7 mm, b= 110 mm) by about 50 percent while raising
v by nearly 110 percent.
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The present exnerlmenus were prlnarlly intended to as~-

certaln whether it would be possible to stiffen a sheet
weakened by holes with flanging the holes! edges enough to
assure a. bucvlﬁng load D, . ‘approaching or even exceeding
t?e buckllng value of the unwea ened strzp Diru (equation
2}..:“: .

-

L e EXPERIMENTAL SET-UP

LY

mhe exPerlmental arrangement is that developed from
Mathar‘s .and Jennlssen‘s testse It is shown in figure 2,

Two 'identical strips are clamped between two station-
ary end rails and one sliding center rail at which the
shear is applied. MNaturally the fixed spacing of the side
rails produces minor additive tension perpendicular to the
direction of shear with the displacement which, however,

.may be disregarded with respect to the shearing stresses;

with « = angle of displacement the width b should dimin-

"ish to b cos 0. As O remained comnsistently below 0° 20!

up to buckling, the addltlve tensile stress could at the
most reach (1 - cos 0° 20') E; that is, (1 - ©.99997) X
7,500 = 0.225 kg/mm?®, while in general it amounted to on-
1y a fraction of this figure because « 1is mostly. consid-
erably lower. : :

The force was measured with a temsion stirrup up to
20 t (point 1, fig. 2) and a compression dynamomebter up to
10 t for high Yoads in isolated tests (point 2, fig. 2).
The possible error for the tensiometer was #8 kg. As Py,
the buckling load in shear, is £ 500 kg in-all tests,
this error amounts to = 5%5’ that is = 1.6 percent.

With conmpression gage added, the possible error is
+ 7 kg higher for instrument friction and error in reading
as well as +19 kg for each 1° ¢. temperature rise caused
by the expansion of the mercury in the dynamometer. With-~
outb temperature correction this error is Delow 38 kg cor-
resnonalng to 2° G., with correction *9,5 zg or equivalent
to 0.5°% ¢. temperature error in the.pressure recorder. The
total instrumental error is therefore 7 + 38 = 45 kg ‘in
the first, and 7 + 9.5 = 16.5 g in the second casey
The total error in shear is under the most adverse condi-
tions, 8 4+ 45 = B3 kg without, and 8 + 16,5 = 24.5 kg
with temperature correction. Compared to only 8 kg with-
cut compression gage, these errors are high, for which
reason the measurements were as a whole made oaly with the
tensiometer. ’

A . oy

(t+ (ton) X 2204.62 = 1b.)
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The displacement was recorded with the Zeiss dial
gage (point 3, fig. 2). LAs a check, we used the Martens
mirror iastrument in some tests (points 4a and 4b in fig.
2). The dial gage admits of an error in reading of 0.001
mm., The displacement at the point of collapse vy was
always 2 0.074 mm, so the percentage of error was always

===~ = 1,4 percent,

The error due to elongation of the center rail which
transmits the shearing force is also small., TWorkiag with
the tensiometer alone (most unfavorable case) and assuming
p to be constant over the whole length L, the force to
be transmitted by the center rail from the beginning to
the end of the strip drops lianecarly from P %o zero; it

averages 00,5 P. The corresponding mean stress is Op =

m
Q'g P g°2 ;’ where B and E represent the width and

height of the upper and lower half of the center rail.
Owing to this stress the rails have a total elongation of

C, L .
§ = L = g'g g g. With a displacemeat v for a perti-

neat P, the relative discrepancy in displacement and
consequently that of its proportional shear load p amounts
at the most to: '

8§ - 0.5PL . 0.5L P |
v 2 BEHEVWV 2 BEHE YV
£ is maximum for strip 3%: Py = 3,000 kg; vy = 0.162 mm.
Therefore,
S = 0.5 X 1192 x 2990 . 0.051 = 5.1 percent.

v 2 X 160 X 32 X 21000 0.1l62

This discrepancy between maximum and minimum p corresponds
to a difference of about *3 percent from the mean value.

In the most unfavorable case the total error equals
the sum of the individuval guotas:

< . : )
ftota}_% 1'§,f"1;4~+ 3 = 6 percent.
The buckliang was also.détermiged separately from the

wrinkles which caused tle image of a c¢ross. in the sheet to
bocome distorted. ’ )
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GENERAL RESULT OF BUCKLING TESTS

The samples were duralumln 6811 of the Duren Metall—
werke, in strips of 2500 X 500 mm length and of 0.4, 0.5,

O. 6 and 0.8 mn thickness., Its Youngls modulns was B .=
7', 500 kg/mm with a shear modulus of & = 2,900 kg/mm?.

Aside from several flat strips and one perforated
strip without flanging, the rest all had flanged holeg -~ -
gach pair of sirips having the same hole diameter, spac- '
ing, and type of flanging., . :

The flanging was beveled. The form is skown in fig-
ures 3 and 4 along with the male and female dies. The
bevel angle was made the same as the friction angle with
grease. lubrication %o allow smooth removal of the male die
after flanging operation.

The preparation of the samples was sffected with great
care. They were cut out to the correct length and width
and, if necessary straightened. The holes were drilled to
1/10 diameter (centering hole) and then cut out with a cut-

.ting %tool. The flanging operation consisted'of pushing

‘with male and female dies {fig. 4).

We investigated the effect of:
1. Strip width, Db.

2¢ Strip thickness, s.

3. Diameter of flanging, D.

4, Depth of flanging. This may be changed for given
flanging form by means of the cut-out hole di-
ameter, d: flanging depth <~ 0,5 (D -~ 4).

5 Hole distance, a.

The flanged strip behaved the same as the flat strip
under shearing stress. Up to a certain load stage, the
strip remained flat, the shearing force P 1is proportion-
al to the displacement v. The distance of the wrinkles
equals the hole spacing a. The test points deviate si-
multaneously from the previous straight line and follow a
new straight line after a few points (flg. 6. The conter
of the two straights was taken as the buckling point of

e DI S — o

oy
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the strlp. Wltb farther stress the curve dcv1ates from
the ﬁtralght linc becauseo.the ¥icld point is soon cxceeded
as a result of the great deforuation of the buckled strip.
Figure 7 shows a curve with sevceral unloadings. This graph
is valid-only for constant strip width Db wuader lozd as in
the present .oxporiments., The shearing force S TDbefore
buckling (fig. 8, left) assumed divided in tersion 2Z- and
compression D consists, after the strip bucizled with re-
spect to compression D (fig. 8, right of D which, anal-
ogous to the buckled compression member, remains practically
constant), tension Z and a newv conmponent X perpendic—
ular to the dlreColon of, shear. Z and X grow in the sane
proportions as S., In relation with 2 and therefore S
the extension of the visualized tension members and through
then the displacement v, is proportional to the elonga-
tion due to Z. Figure 7 .is tlhercfore essentislly a stress-
strain diagram. The X conponeat in the prescent experi-
ments is taken up by tie clampiung rails. In practical
cases, however, a stress above the buclzling limit is pos—
sible only when there are special cross stiffenecrs to tak
up X. In sinple strips the two longitudinal edges conec
consistently closer together because of K; the strip is
destroyed in the prescni cxperimeants through tearing of
the flanged cddges. Figure 9 shows a scvercly deforned,
torn strip. The deformation, consideravly magnified, is
tho sanc as immediately afbter buckling (fig. 5).

The majority of tests was made with strip lengths of
L £ 1,192 mn, The buckling force in shear of the flanged
strip Py should be assumed proportional to the sirip
leagth, as shown in figure 10. The Puckling load in shear
P;; 1s defined from the buckling force in shear P and

strip length I according to (3a):

P ’
P, = 3% (3)

The figures in figure 10 are those of table I for
strip 17 to 19, 41 to 45, and 47. The displacement in
buclkling vy (in mn) is for identical sheets of varyiang
length, naturally always the same, because the sheet con-
sists of identical strips of length a which, regardless
of their number, are identically distorted.

The effect of the flange depth is subordinate as scen
from table I, sheets Nos. 43 to 45. Py, romains constant
within wide limits with increasing 4, that is, decreas-
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ing flange depth 0.5 (D - d4), while vy, shows a slight
increase for smaller flange depth. The explanation for
this behavior is that for deflection perpendicular to the
plane of the sheet, that is, for bucizling, the flanged

- hole should be considered as rigid relative to the she%t,

as soon as the flanging has reached a certain minimum
depth. By the same argument, not the flanged hole bdut

‘rather the part of the sheet which remained flat, is the

decisive factor for thHe buckling load since it remains

the same in any case when d is changed. On the other
hand, the flanging is more readily bent in the direction

of the plane of the shcet than the unweakened, flat part

of the sheet., Consequently, a deeper -~ that is, strongor -
flanging assvres less displacement for identical load. Pk
is esscntially more 1mportant for the designer than v,

But aany improvement in the flanging can only iavolve

an 1mprovemoﬂt of vL, not of Py becauso Pk is gove~

crned by the flat part of the sheet. In gencral, the form
of flanging is therefore subordinate when it has a certain
mininmum stiffness perpendicular to the planc of the sheet
only with given D. Iogically, D only nceded to Do
changed, but not 4. -

The flanging operation increases the perimeter of the
hole from wd %o D, and it is necessary to assure that
the resulting unit elongation E—aniw—l (— - l/ does
not excced the ultimate, because the edges would tear oth~-
erwise. Small irregularities on the edge of the hole act
as notches very favoradble for tecaring. With smoothly cut
holes flange tearing can be safely avoided in the kind of
naterial and the shape of flanging used here when d =2
0.85 D.

Figure 11 shows the effect of hole spacing a versus
buckling load Pp. The curves have a distinct mazximun
for comparatively small a, which lies above or below the
shear load in buckling of the uaweakened sheet Py = Py
(2L - b). {(Compare equations (2) and {3b)..) The maxinmum
is due to the fact that the flanging as already pointed
out is rigid in bending perpendicunlar to the plane of the
sheet as compared to the uaweakened sheet, while being
nore easily defornable in direction of the plane of the
sheet than the unwealiened sheet; i.e., takes up practical-
1y no shearing stress. The greater the number of flanged
holes in a sheet, the greater is the number of bending
resistant circular surfaces of diameter D; the higher 'is
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the value at which the sheet wrinkles perpendicular to its
- plane, On the other hand, the sheet which, after all, is
supporting only in the flat portion, is so much higher
stressed as there are holes. 3Both effects are contrari-
‘wise, hence the maximum. )

The behavior'with wide~hole spacing a was not in-
vestigated. With very high a values, that is, few
holes, the Dy value should approach the buckling value

of the flat sheet without holes 1Dy (equation 2). Other

~extreme values may appear between these limits, Dut they
are not very important because the noles must, for reasons
of weight saving, be spaced as closely as possible. In
‘the following, no importance therefore was attached to the
maximom other than for small a., All values valid for
this maximum carry the subscript o.

CPTINUM HOLE SPACING a,

The first significant .guestion is, the best hole spac-
ing ay at which the maximum occurs for a given sheet
thickness s, width b, and diameber D. It is not necessary
to define a, very accurately because the contiguous Py
. values do not vary appreciadbly from Py, maximum when a
deviates a little from ay, owing to the horizontal tan-
gent of the curves P, = f(a).

The effect of b on ag. was so little in the ana-
lyzed range as to escape definition. The reason for this
is that the. center strip of the sheet governs the buck-,
ling. But this strip naturally has always the same aspect
for otherwise identical sheets of different width.

The relationship between a, and s is parabolic,
according to table II and figure 12: ap = O sjap in-
creases consideradly with increasing s for thin sheets,
less for thicker sheet. The reason for this is that the
bending stiffness of the sheet rises perpendicularly to
its plane with s , while the stiffness of the flanging
increases only with s. Admittedly, the stiffening effect
of the flanging is not as great for thicker sheets which
of themselves are already very stiff, so that the holes
must be spaced farther apart than in thinner sheets. The
explanation for the smaller rise of the curve of thicker
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sheets is that, for example, a 0.l mm thickness change
mean's comparatively less in a thick than in a thin sheet.

The factor o <varies in linear rélation with D
(table II and fige. 13): o = 658.5 + 0.8 D. Consequently,

ag = @ s = (88.5 + 0.8 D) /s
ag = 0.8 (D + 86) /s (4)

" Far outside of the investigate@ range: D = 62 to 82,
s. = 04 t0 0.8 mm, b= 75 to 215 mm, the strictly ex-

perimental equation (4) may become quite defective. Fur-

thermore, it is valid only so long as the flanging does
not touch the sheet dborder

D < b (5a)

and the flangiong does not overlap:

D< a, = 0.8 (D' + 86) /s.

whence
Do —20NE (5D)

1.26 - /s

. The last equation (5b) expresses the selection of D,
especially for thin sheet. If it is not complied with
the best value for the buckling load in shear Pko is not

within the coanstructively possible range; the holes would
be greater than the spacing; the flangings would run into

each other. TFor the thinnest gheet examined, s = 0.4 mm,
86 A~/ 0.4
it is necessary that D < or D <« 88,5 mm

1.25 - 0-4-'

according to equation (5b), while the diameter of the
greatest flanges was only D = 82.

Gm o o et e o e e s e mm e om o om m o e T el n m d =
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TABLE II
D s ag 2,
vE a = —=
mm mm mm i l\/—s‘
62 | 0.42 76 0.648 117.5
.52 85 721 118
. o = 118 -
.615 93 .784 118.5
.8 1007 .894 1127
72 | 0.52 90 0.721 125
. a = 125
.8 > 89 .894 > 99.5
82 | 0.42 89 0.648 137 .5
.52 | 97 .721 1%4.5
: @ = 135
' 100 (127.5
. 615 {110.5 .784 {1a1 \
.8 > 106.5 .894 | > 119 ' ' \
|

BUCELING LOAD IN SHEAR Pro AFD ITS PERTIINENT a,

When stressing sheets of the examined kind in shear
the best hole spacing a, (equation 4) must be adhered to
if at all possible, to assure high loading without buck-
ling, With this in mind, we did not deternmine Pyo for
any hole spacing a, but rather the optimum Py, for

each pair of sheets of L = 1.192 mm with optimum hole
spacing a = ag.

For equal Db = 110 mm and egual D = 62, D = 72,
and D = 82, the Py, = f(s) values lie on three
straight lines which intersect in a point with the coor-
dinate s = 0.54 mm Py, = 1,700 kg (fig. 14), " This in-
tersection point shall be the common point of all Py, =
£f(s) curves for D = constant and b = 110 mm. For s =
0.54 mm the sizge of D 1is accordingly immaterial, Iun all
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sheets of 0.54 mm thickness, Py, is the same, provided
a = ag. TFor '

s < 0.54 mﬁ, D must be small, (6a)
s > Q.54 mm, D must be great. (6b)
For thicker, inherently stiff ,sheets, the flangings' must
be :equally ‘stiff; that is, be of a certain depth which,

in turn, is contingent Upon large diameters.

The straight lines through the point [s = 0.54 mm,
Pyo = 1,700 kgl may be expressed with

Pig = 1700 + B (s - 0.54),

wherein f depends-on D. A4ccording to figure 15, it is
proportional to D. With B = 95,6 D, the optimum Py,

for sheet of D 110 mm is:

il

Pyo = 1700 + 95.6 D (s - 0.54).

The effect of b on Py, was not thorcughly explored
because a few cursory tests proved it to be quite subordi-
nate while on the other hand, an exact elucidation of the
effect of b would have entailed a very great number of
further experiments. The small effect of b 1is due to
the fact that the middle strip, weakened dy holes, is above
2all decisive for the buckling, while the flat-edge strips
are but little effective. It is therefore justified to
assume that for sheets of different width the Dbehavior rel-
aﬁiVe t0o the individual quantities is substantially the
Sames

To allow for b the values obtained for b = 110 mm
were given a correction factor dependent only on D and
= 1 for b= 110 mm, while

for b < 110 mm, it must be > 1,
] P> 110 ¢ 1 ] "< 1,
because a narrow sheet does not buckle as easily as a wide

one (equation 2). The correction factor f is tadbulated
in table III and plotted in figure 16.

Y
E IS
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TABLE III
D s 2, Pro
b="70 =20 =110 =175 =215
mm mm mm mm mm mm mm mm
62 0.42 76 1260 1130
« D2 85 1720 1600 1530
«515 92.5 2220 1500
.8 104 3040
72 0.42 81.3 9090
.52 90,7 1520
.8 111,56 3200
. 4000
|
! .
82 0.42 86.3 760
«D2 96.5 1600 (1000) 1400
1500
.015 1 105 1700
.82 118.5 8720 | (1700)
!

It is seen that the obtained values may be closely
approximated with a hyperbola of the form of

= B
f o + 3

To define o and B this formula is written as

fbp=oad+ B,

a linear equation for f b in terms of b,

The straight
line is also shown in figure 16« It gives: .
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e = 8 . 25.6 = 25.5 (. ;>
; f = « +.;.b —' 00767 + b- = 25.0 0003 -+ o ‘

As the value for any b is to be £ times as high as
the ?Lo value‘fdr b = 110 mn, we find for anry width b

P, = °5s(oos+ )[1’700+956D(s—054).]x

This value applles to a pair of sheets of L = 1193
nn., The buckling load in shear Pyo being; according to

figure 12, roporulonal to L, it is for L = 1 mm, ac-
cording to (3¢): : '
Eo _ Pko = Pko
L 2 X 1192, 2384 °

_ P,
Pxo ‘3

This formula, written in the preceding equation, gives
the optimum p, value: ‘

_ 25.8 X _95.6 4 L) {100, -

For sheet with Young's modulus .E 1not ébnormally at
variance with B = 7,500 g/mma the obtained Pieo value

for E = 7,500 kg/mn® . must be multlnlled oy the correc-
tion factor EB/7500: , Lo

KA

Pro = 7550 X L+08 {0.08 + g 1[17.8 + D (s 0.5_)']:
Py, = 136 X 10"‘ E (ooo_s +_%\s [17.8 + D (s - 0.54)] (7)

This is on the Dleglse that the buckling load in
shear Pko given in (7) is “Feached in kg/mm shneet” length;
that (4) is complied w1th or in other words, tnat the op-
timum hole spaclng a =.ag has been chosen. As equation
(4), so can (7) bvecome very defective outside of the range
1nvest1gated° 4i.€., outside of D = 62 to 82,' 3 = 0.4 to
0.8 mm, D 75 to 215 mi, because the formula merely repre-

e

- 4 > R E P - E d G- A A at el e - —T T e
JE VAPV T SV PN L ISR IV TS IR IS RIS e
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sents an approximation formula .from the obtained experi-
mental values. .

To show the accord of the optimum values of (7) with
the experimental results, we computed Pro = 2L Py, With

(3¢) 2nd (7), and included it in table I, together with
the pertinent ay value.

;Admittedly, in airplane design a simple-sheet shall
never be so highly stressed as still allowed according to
(7). Buckling generally occurs under lower shear stresses
for .various reasons. One thing is certain, however, and
that is that it would serve no useful purpose to determine
Py, More accurately than in the present experiments, Dbe-
cause actual buckling occurs quite frequently at loads

which are from 20 to 40 percent lower than the theoretical
Pio value.

RELATIVE DISPLACEMENT §,

Lastly, we determine the displacement of the non-
buékled sheet. The shearing force P and the displace-
ment v give the displacement of the sheets per 1 kg of
tension at SL = V/P; or with the values at buckling,

P, and vy (tadle I), 8y = vy /Pr. Tor sheets of length

s

I = 1192 mm (standard length), the subscript T is omitted
on §j1. 7For these; we have:

s = [, ana 5 = 10025 [ 2],
d

Py Lkg Pr L

The effect of flanging depth, wihich may be varied as
known, by means of the hole diameter d (fig. 6), is sub~-
ordinate. .In a sheet having the dimensions:

T 1,680 mm, b = 110 nm, s = 0,515 mm

D = 72 a= 90 W r = 80 I
(sheets 43 to 45), § ranged between 127 and 133 mnm when

4 rose from 62.5 to 65,45 and the flanging depth
~ 045 (D -~ &) dropped from ~4.,9 to ~3.275 mm,
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The explanation for this minor effect is that the
fIlanged hole compared to the full sheet is easily deforma-
ble in direction of the plane of the sheet. (Note the
weakness of the flanged hole compared .to the sheet, in
fig. 9. ) The displacement is almost exclusively governed
oy the flat portlon of the sheet. .

Since the displacement v of a smooth sheet is in-
versely proportlonal to the thlckness s, namely, v =

ngbg (equatlon 1), & also must be inversely proportion-
-al to° “for smooth, full (unveakened) sheets. But ac-
corﬂlng to the tests on sheets with flanged holes § was
not 1nversely'proport10nal to s Dbut needed, in addition,

an- exponent - B:

“ S 8 = 2B
sf
Plotted in logarithmic coordinates (fig. 17), we have
B = 1.2 for each investigated D, D, and a, with o, of
course, depending upon these three guantities. To deter~
mine o we multiplied the obtained § values with gb:

= 8 B =5 st 2.

For the determination of the iafluence of a on «,
the space between the flanging (a = D) is of prime im-
portance. The greater the effective inter-space, the less
is the displacement. The supposedly inverse proportional-
ity (a - D) fails to materialize; on the conirary (a - D)
must be augnented by an exponent «:

The logaritkmic graph (fig. 18) gives « = 0.75; € 1is as
yet dependent on b and D. It may be defined from

c=ala-0)Y=aqa(a-n)°75

dccording to figure 19, € 1rises lincarly with b. With
tkhe intersection of the straighu lines for D = G2 and

D = B2, and the coordinates b = 310 mm and € = 1230 as
the comnmon interscection po;rt of all stralbht lines D =

constant, the eguations for € becone
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€ = 1230 - A (310 - D) -
with only A dependent on D.

The linear course of € = £ (b) and theredby of § =
£ (D) is ‘due to the fact that for identical load the mid-
dle strip on otherwise identical sheets of different
widths suffers approximately the same deformation and that
the two flat-edge strips. are augmented by a displacement
proportional to the width of these edge strips. TLogically,
the whole displacement thern increases in linear relatlon
with Db,

From the slope A of the stralght line € in figure
19, we assume it to change linearly with respect to b,
Then figure 20 gives AN = 8,35 - 0.081 D.

The insertion of the obtalned values o, B, v, €, and
A yields:

§ = 1230 - (310 - b) (8,35 - 0,081 D) | V

0.75 . L
(a - D). gt ? ' . g

Loading the sheets in 1 Lg/mm of sheet length over
2L = 2 X 1192 = 2384 mm instead of ia 1 kg gives the rela-
tive displacement §,, which is 2L +times as high as §.

8§, = 2L § = 2384 §, when § 1is measured in mn/kg, and
§, = 2384 X 107" &
" phen § 1is measured 15‘4% “and §, in mm %g. The final

resnlt then is:

1230 _ (310 -~ 1) (08 35 _ D}

-6 0.081 081
8y = 2384 X 107 X 0.081 X ST eI S
: a - D s
_ -, 15200 - (310 - b) (103 - D)
§; = 1.89 X 107 X (o e g (8)

To prove the agreement between the values obtained
from (8) and the experimental data, tadble I shows the ob-
tained 81 values together with the computed value. Equa~
tion (8) is based upon strictly experimental fimndings,
hence its validity is assured for only the range investi-
gated,
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COMPARISON WITE FULL SHEETS (X0 HOLES) AND

SHEETS WITH HOLES BUT ¥O FLANGING

In order to determine the ‘suitability of flanged or
plain holes as well as any eveantual benéefit accruing from
such-flanging, we investigated a sheet with and without
flanged holes (table I, sheet Fo. 73). The nonxlanged
sheet collapsed under a shearing force of Py =720 kg; }
the ‘corrésponding ‘displacement amounted to - § = 34 u/t
With flanged edge of D = 52 +the buckling load rose td-
1,240 kg, ,or 72 percent, Admittedly, § 1likewise rose to
‘45'%, that 1s, 32.5 percent. With still greater -holes -.
but otherwise idontical sheets: & = 62.2 (table I, sheet
Yo, 45) which, without flanging, must naturally have still
lower buckling valuves than shéet Wo. 73, a buckling load
of Py = 2,300 kg was obtained; of course, § = 130 %

that 1s, markedly higher. .This sheould be a definite proof
of the value of flanging %o raise the buekling load in
shear, The greater relative displacement § of the
flanged versus the unflanged shest is due to the fact that
the.£lat portion; -which -after.all takes.up the greater
part of -the shearing: lorces, becomes smaller because of ..
.the- flanglng. ; - . . :

Lastly, we investigated several full sheets (Wlthout
holes) and compared the obtained buckling load with South-
well and Skan's data (reference 6). The agreement is
close according %o table I;,. sheets Wos.. 74.to 78. The con-
clusion that the accord between the theoretical and exper-
imental values for flanged sheets is close; is therefore
Justified,

In order to determine whether and to what extent a
flanged sheet is more resistaant t0 bickling than a smooth,
full sheet, we included in table I, aside from 2.9 (equa~-
tion 4) and P, (equation 7) the 1y, . value of the full

sheet (eguation 2). It wis found thau/partlcularly thin,
wide sheets which without holes ‘have a very low buckling
load in shear ©py,, the stiffening influence of flanged
holes. results 1n a many times greater Py s while in thick-

er; narrower sheets, inherently very resistant to bending,
.the higher siress due to reduction in effective, flat.-gur-
facei it resulds. in weakenings Admittedly, it is necessa~-
ry.%ovdecide in eachiindividmnal case, whether stiffening ‘or
weakening occurs by a comparison of P10 with Pype’
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